Pedigree segregation analysis was used to examine several one-and two-locus models of the inheritance of phenylthiocarbamide (PTC) taste deficiency that extend the traditional one-locus recessive model by the addition of either another allele or another locus, and in some cases predict two types of nontasters. These models allow nontaster by nontaster matings to produce taster offspring, consistent with our data and several previous studies which use the Harris and Kalmus [Annals of Eugenics 15:24-32, 19491 dilution method. The models fit our data set of 1,152 individuals from 120 families significantly better than the one-locus recessive model. The best fit was obtained with a two-locus model in which one locus controls PTC tasting and the other locus controls a more general taste ability. This model is consistent with research on the physiology of PTC tasting and with results from genetic linkage studies. Further study is suggested to evaluate better the accuracy of the proposed model.
INTRODUCTION
Since its discovery in 1931 by A.L. Fox, primary interest in the phenylthiocarbamide (PTC) taste deficiency has centered on its role as a classic example of autosomal recessive inheritance. Recent research in taste physiology suggests that PTC taste ily data, failed to confirm the one-locus recessive model and suggested an incomplete dominance model. Using sib-pair analyses, Harris and Kalmus [1951] , Das [1956] , and Merton [ 19581 all found significant deviations from the one-locus recessive model. More recently, Reddy and Rao [1989] found evidence for polygenes and for incomplete dominance at the major locus. These results suggest that, in addition to a major PTC locus, the dilution method may be measuring tasting variability to which the original crystal method was insensitive.
Other lines of investigation have called into question the adequacy of a one-locus, two-allele model. First, there are consistent reports of taster offspring resulting from nontaster by nontaster matings [Das, 1958; Merton, 19581 . Second, physiologic evidence [Hartmann, 1939; Kalmus, 1958; Frank and Korchmar, 19851 suggests that there may be at least two types of PTC taste deficiency: a specific PTC deficiency and a more general taste deficiency. Third, several studies of linkage with the Kell blood group [Conneally et al., 1976 ; see summary in Spence et al., 19841 give conflicting results and may suggest locus heterogeneity.
The present analysis was undertaken to examine several one-and two-locus models of PTC inheritance. We postulate that the traditional one-locus recessive model is substantially accurate but requires the addition of either a third allele or a second locus to explain the inconsistencies observed using the dilution method. Further, we consider three models that distinguish two types of nontasters in accordance with the physiologic evidence. The methods employed allow for the treatment of PTC tasting ability as a quantitative trait while obtaining a maximum likelihood fit to a particular genetic model. We find that several two-locus models and two one-locus, three-allele models provide a substantially better fit to the PTC data than the traditional one-locus recessive model. The best fit is obtained by a two-locus model that predicts two types of nontasters.
MATERIALS AND METHODS
The sample consisted of families living in southern Ohio and enrolled in the Fels Longitudinal Growth Study [Spence et al., 1984; Roche et al., 1988) . The 120 families reported here were randomly sampled with respect to PTC tasting status and include 1,152 individuals tested for PTC tasting ability between 1970 and 1974. PTC tasting was assessed using the method of Harris and Kalmus [ 19491, with the slight modification that the 14th (most dilute) solution was eliminated. Blood marker data were available for approximately one-half of the individuals, making it possible to test for nonpaternity in cases where taster offspring resulted from nontaster by nontaster matings. The markers included ABO, RH, PI, KEL, SE, MNS, FY, JK, XG, HP, BF, GC, ACP, C3, ADA, ORM, AG, and PGM1.
Paternity testing was carried out using the computer program MENDEL [Lange and Boehnke, 1983; Lange et al., 19881 , which computes both the paternity index and the nonexclusion probability. The paternity index [Essen-Moeller, 19381 is the ratio of the probability of a parent-offspring trio assuming that the putative father is the real father to the probability of the trio assuming that the putative father is a randomly chosen male. The nonexclusion probability [see, for example, Lange et al., 19861 is the probability that an unrelated male would not be excluded by at least one of the markers tested conditional on the phenotypes of the mother and offspring; it is a more conservative and less controversial measure of paternity.
Pedigree segregation analysis was also carried out using MENDEL with penetrance routines specifically tailored to each genetic model. MENDEL calculates pedigree likelihoods for genetic models involving a small number of genetic loci; the traits modeled may be quantitative or qualitative. MENDEL uses greedy-type algorithms for pedigree likelihood calculations and a variable metric method for iterative maximum likelihood estimation [Lange and Boehnke, 1983; Lange et al., 19881. The relative adequacy of the various models was evaluated by comparing their log llkelihoods. Statistical tests of hypothesis using the likelihood ratio statistic are possible when one model is nested within another. In cases where none of the null hypothesis values of the parameters are on the boundary of the parameter space, the asymptotic distribution of the likelihood ratio statistic is chi-square with degrees of freedom equal to the difference in the number of independent parameters between the two models. When the null hypothesis value of the parameter of interest is on the boundary of the parameter space, the asymptotic distribution of the likelihood ratio statistic is a 5050 mixture of a point mass at 0 and a chi-square distribution on 1 degree of freedom [Self and Liang, 19871 . The significance level of the mixture distribution is one-half that which would result if the same statistic were compared to a chi-square distribution on 1 degree of freedom. Asymptotic theory standard errors were calculated by inverting minus the Hessian and taking square roots of the diagonal elements of this inverse matrix.
The 14 discrete PTC thresholds are assumed to span the range of values of a continuous trait. Distributions of threshold scores are generally bimodal corresponding to the qualitative phenotypes of nontaster and taster. The population distribution of quantitative PTC scores was therefore modeled as a mixture of normals. Initial estimates for the means and variances of the component distributions and their proportions were obtained by fitting mixtures of normal distributions to the PTC scores assuming they represent independent observations [Day, 19691. For two-locus models, loci were assumed to be unlinked.
Several one-and two-locus models were fit to the PTC family data. Models were chosen based on 1) the assumption that the traditional one-locus model is substantially accurate but requires extension to explain the observed data; and 2) the suggestion that there exists more than one type of nontaster. Parameters estimated for all models were allele frequencies (p) at each locus and means (p) and standard deviations (cr) for each genotype-specific normal distribution.
The one-locus models tested were the traditional two-allele recessive model ( lLR), a three-allele model (lLR3A) predicting two distributions (taster and nontaster), and a three-allele model (lLR3A-3D) predicting three distributions (one taster and two nontaster) ( Table I ). In general, the taster allele (T) is assumed to be dominant to the nontaster T One-locus models" 1 LR 2
Two-locus models ttS -T -----s s *" -"in the genotype/distribution correspondence implies either allele at the given locus. For example, Tincludes genotypes TT and Tt. '' + "in a model name signifies "and"; "1" in a model name signifies "or."
aFor the one-locus models, S is dominant to both T and t.
allele (t). In the one-locus, three-allele models, a second nontaster allele (S) is assumed to be dominant to both the T and t alleles, making taster offspring possible from the mating of two nontaster individuals. A model with another recessive allele would not allow this outcome and was not tested. Two-locus models considered included all six possible two-allele dominant-recessive relationships producing nontasters. In general, at the first (T) locus, T is dominant to t; at the second (S) locus, S is dominant to s. The two-locus models considered included recessive at both loci, dominant at both loci, recessive at either locus (2LR/R), dominant at either locus, recessive at the first (T) locus and dominant at the second (S) locus (2LR + D), and recessive at the first (T) locus or dominant at the second (S) locus (2LR/D) ( Table I ). The recessive-at-both-loci model was excluded since nontaster by nontaster matings would produce only nontaster offspring, inconsistent with the data. The dominant-at-either-locus model was excluded because taster by taster matings would produce only taster offspring, again inconsistent with the data. The dominantat-both-loci model was not considered because it is not the result of the addition of a second locus or a third allele to the one-locus recessive model.
The three remaining two-locus models were fit assuming two distributions (taster and nontaster) and were then extended to three-distribution models if the model suggested more than one type of nontaster (Table I ). The three-distribution recessive-ordominant model (2LR/D-3D) defines FTC nontasters as having genotype ttss and general nontasters as having genotypes of the form ---S -, where " -" implies that either allele may be present. The three-distribution either-recessive model (2LRiR-3D) defines PTC nontasters as ttS -and general nontasters as --ss. In both cases, the presence or absence of the general nontaster phenotype is controlled by the genotype at the second (S) locus alone; PTC nontasters result only when the genotype at the first (T) locus is tt but that at the second (S) locus does not result in a general nontaster. The recessive-and-dominant model was not extended because only one type of nontaster (ttS -) is predicted.
RESULTS
A histogram of PTC scores for the entire sample of 1,152 individuals is shown in Figure 1 . In a preliminary analysis, a subset of the data consisting of 402 parent-offspring trios from 175 nuclear families was examined for inheritance patterns. Trios were included if PTC scores were available on all three individuals. As more than one trio was often chosen from the same nuclear or extended family, the trios are not all independent. The observed antimode of 5 was used to classify individuals as either nontaster (NT: PTC < 5 ) or taster (T: PTC > 5); no such dichotomization of the quantitative PTC scores was required for subsequent pedigree analysis using MENDEL.
The observed and expected numbers of offspring from the three possible mating types (T X T, T X NT, and NT X NT) are shown in Table 11 . Expected numbers of taster and nontaster offspring were calculated using Snyder's [1932] ratios. There is a significant excess of taster offspring as compared to the number expected under the one-locus recessive model. Of particular note are the 18 tasters among the 44 offspring of NT x NT matings. This result is inconsistent with the autosomal recessive model, which predicts no taster offspring from this mating type. Changing the cutpoint for T and NT status (i.e., using 6 4 or S 6 ) did not substantially affect the proportion of such offspring.
To take into account the possible effect of age on PTC sensitivity [Harris and Kalmus, 1949; Kalmus and Trotter, 19621 , we performed a linear regression of PTC score on age using the entire data set (R2 = 0.03, slope = -0.031, P < .0001) and reexamined the trio data using residual scores from the regression ( Table 111) . Ages were unavailable for one member of three of the trios. As young children are often considered unreliable in PTC testing, this analysis was also repeated excluding children under 10 years of age.
The antimode x for the distribution of residuals was estimated by finding the value x that minimizes misclassification given a mixture of two normal distributions. This misclassification was estimated as
using estimates for p, pl, p2, ul, and u2 generated by fitting a mixture of two normal distributions to the residuals, where CP is the standard normal cumulative distribution function. Although linear regression on age reduced the number of taster offspring resulting from NT X NT matings from 18 to 14, these results remain inconsistent with the autosomal recessive model (Table III) . Further, expected numbers of taster offspring remain significantly larger than expected for the T X T and T X NT matings. The results of the analysis excluding young children were analogous and are not shown.
The families of the 14 taster offspring resulting from NT X NT matings were examined for possible nonpaternity. Blood marker data were available on 11 of the 14; the results are presented in Table IV , along with the age of each family member. Blood marker incompatibilities were discovered in three of the 14 offspring. In the subsequent pedigree analysis, the three offspring with no blood marker data and the three marker-incompatible offspring were treated as isolated individuals and not as members of their reported pedigrees.
Residuals from the regression of PTC tasting score on age were transformed back to the original scale using the estimated regression equation. The resulting variable was used in the pedigree segregation analysis. Table V shows parameter estimates for the fitted models for the transformed PTC tasting scores. Results using raw PTC scores were similar and are not shown. Results for the two-distribution models with a single common standard deviation were similar to those allowing for 2 standard deviations. For the three-distribution models, models with a single common standard deviation provided much poorer fits to the data, suggesting possible genotype-by-environment interaction or left truncation of the distribution. The one-locus recessive model (1LR) and the two-locus, three-distribution either-recessive model (2LR/R-3D) were reana- One-locus models Two-locus models "Standard errors for this model are 0. 027,0.029,0.120,0.247,0.129,0.084,0.170,0.050, respectively. lyzed excluding children under 10 years of age; results were very similar to those in Table V . Figure 2 shows the nesting structure of the fitted models and corresponding likelihood ratio statistics and significance levels. Models that added a third allele or a second locus ot the traditional one-locus recessive model (1LR) provided significantly better fits to the data than did the one-locus recessive model. Among the two-distribution models, the two-locus recessive-and-dominant (2LR + D) model had the largest log likelihood by a small margin.
Further, models predicting three distributions fit the data significantly better than corresponding models predicting two distributions (Fig. 2) . Among the three-distribution models, the recessive-at-either-locus (2LR/R-3D) model was best supported by the data. Although the three-distribution models are nonnested and so cannot be compared using a likelihood ratio test, the probability of the data under the 2LR/R-3D model was more than 50,000 times greater than under any other model considered ( Table V) .
We used the estimates on the allele frequencies for each genetic model considered to compute the predicted overall proportion of nontasters and the predicted proportions of nontaster offspring resulting from T X T, T X NT, and NT X NT matings and compared these proportions to those observed in the analysis of the parent-offspring trio data. With the exception of the one-locus recessive model, which does not allow NT X NT matings to produce tasters, no one model generated predictions that were clearly better or worse than the predictions of the other models.
To assess the relative impact of taster offspring resulting from NT X NT matings lLR3A-3D a Likelihood ratio statistic is compared to a 5050 mixture of a point mass at b Likelihood ratio statistic is compared to a chi-square distribution on two zero and a chi-square distribution on one degree of freedom.
degrees of freedom. on these results, log likelihood differences between models for individual pedigrees were examined. Families with such offspring contributed virtually all of the difference in log likelihood between the one-locus recessive model and the other models, suggesting that the two-locus and three-allele models improve on the traditional model largely because they explain the observation that NT X NTmatings produce taster offspring.
DISCUSSION
The two-locus and one-locus three-allele models presented here provided a better explanation for the inheritance of quantitative PTC tasting score than the traditional one-locus recessive model for the Fels study data we analyzed. The model in which nontasters were recessive at either of two loci and which allowed for two classes of nontasters (2LR/R-3D) was best supported by the data.
Several lines of evidence are consistent with the suggestion of an additional locus or allele. First, most of the support for the one-locus recessive model comes from early studies [Snyder, 1931 [Snyder, , 1932 Blakeslee and Salmon, 1931; Blakeslee, 1932; Lee, 19341 that used crystal or limited dilution methods for PTC testing. Several later investigators [Harris and Kalmus, 1951; Das, 1956 Das, , 1958 Merton, 1958; Reddy and Rao, 19891 used the Harris and Kalmus [1949] 14-dilution method and observed significant lack of fit to the one-locus recessive model. In addition, Merton noted five taster offspring among 40 offspring of NT x NT matings; Das [1958] found four taster offspring among 41 offspring of such matings.
Second, linkage heterogeneity has been suggested for PTC based on findings of linkage with the Kell blood group in one study [Conneally et al., 19761 but not in others [see summary in Spence et al., 19841. Third, there is physiologic evidence suggesting that there may be at least two types of PTC taste deficiency. In an exploratory study, Frank and Korchmar [1985] tested the reaction times of PTC tasters and nontasters to a variety of gustatory stimuli and concluded that some nontasters may have a general reaction time deficiency for a wide range of compounds, while others show normal reaction times to substances other than PTC. Some investigators [Boyd and Boyd, 1937; Lugg and Whyte, 19551 observed considerable variation in the subjective description of the taste of PTC. Other workers [Bartoshuk, 1979; Gent and Bartoshuk, 19831 have noted that PTC tasters have a different overall taste experience than nontasters; it would be of interest to determine if nontasters are uniform in this respect.
Kalmus [ 19581 studied in some detail the relationship between PTC tasting ability and ability to taste the bitter substances quinine and brucine and used this ability to discriminate further between PTC tasters and nontasters. His sample included a small number of extreme nontasters (PTC score = 0) that were also seriously deficient in ability to taste quinine; otherwise, there was no overall difference between tasters and nontasters in quinine tasting ability.
Hartmann [1939] compared a dilution method for PTC testing to the ability to taste PTC crystals and found that many individuals who were classified as nontasters using the dilution method could taste the crystals and would therefore be classified as tasters using the crystal method. Differences in salivation were postulated to account for this result.
In considering a genetic model for PTC inheritance, therefore, it may be hypoth-esized that there is one locus with an allele that affects PTC tasting ability specifically and either a second locus or an additional allele controlling a more general taste ability. This general taste ability may be involved with bitter substances, salivation, access to taste buds, or some other ability. The two types of nontasters may be indistinguishable on an individual basis unless other physiologic measures are recorded. Our results are consistent with a model in which separate distributions corresponding to the two types of nontasters are distinguishable at the population level. Figure 3 depicts the population distribution of PTC scores suggested by our proposed model of PTC inheritance: the recessive-at-either-locus, three-distribution model that was best supported by the data. Extreme nontasters (estimated as 8.2% of the population) are represented by the lowest distribution, while other nontasters (18.5%) are represented by the middle distribution. Tasters (73.3%) make up the upper distribution. The sum of these three distributions is represented by the dotted curve.
Several points of caution are worth noting. The first is the higher percentage of nontasters among the parents than the offspring in the 175 nuclear families, even when PTC scores are adjusted for age. In particular, the precentage of nontasters jumps from about 19% to about 25% around age 30 years and remains essentially constant thereaf- ter. Therefore, the possibility that some adults may have lost their ability to taste PTC needs to be considered; such loss may be either genetic or environmental in origin. Second, the effects of covariates (for example, smoking) need to be examined more closely to ensure that extraneous sources of variation are accounted for. Third, fitting another family of distributions such as the lognormal or some other skewed family of distributions could result in differences in inference.
Fourth, taster offspring resulting from NT X NT matings must be examined very carefully. Medical histories of the parents of these offspring were noncontributory in all but one case: one parent had episodes of pneumonia at ages 2 and 25 years. As our data were collected 10-15 years prior to this analysis, it has been possible to repeat PTC testing on only a few of the individuals in a few of the families. Nonetheless, an overall rate of 40% taster offspring from NT X NT matings seems too high to be entirely attributed to nonpaternity , inaccurate testing, or parental misclassification, and the most accurate PTC tasting protocol was employed. Also, the percentage of such offspring is robust to choice of cutpoint and is not greatly reduced when the effects of age are accounted for or when young children are removed from the data set. Further, the proportions of nontaster offspring from the other mating types are also inconsistent with the predictions of the traditional one-locus recessive model. Fifth, and most important for the model we are proposing, is the lack of information on other physiologic characteristics such as the types of salivary proteins present, the distribution of taste buds, and the tasting of other substances, particularly bitter substances such as quinine. It would be of interest to carry out a future study that would collect family data in which subjects are tested for ability to taste several substances in addition to PTC, along with other physiologic measures. This study should include repeat testing of taster offspring from NT x NT matings and more extensive determination of genetic marker phenotypes to test for nonpaternity , particularly for such taster offspring. Such a study would provide a more definite answer to the question of mode of inheritance for PTC taste deficiency as measured by the dilution method.
